This paper uses the epidemic-type aftershock sequence (ETAS) point process model to study certain seismicity features of the Jiashi swarm of certain earthquakes, investigating in particular whether there is relative quiescence prior to the quite big events within the Jiashi sequence. The seven earthquake sequences studied occurred in the region of Jiashi, south of Tianshan Mountain, Xinjiang, China. The particular ETAS model that is developed is consistent with the reality of seismic activity. The various features of Jiashi swarm activity can be described as focusing in different stages. There is obvious precursory quiescence prior to most big events with Ms ≥ 6.0 within the Jiashi swarm. Thus, checking for relative quiescence can be use for earthquake prediction.
Introduction
The 1990s have seen a new period of seismic activity in mainland China. From January 1997 to the end of 1998 a strong swarm of events was conspicuous in the region of Jiashi in Xinjiang province: in this two-year period, there were 8 events of magnitude M s ≥ 6.0, and 17 events with M s ≥ 5.0. This swarm around Jiashi is the strongest sequence of the six strongest events in mainland China in the twentieth century (Zhang et al., 1999) .
The clustering phenomenon is a focus of researchers' attention on features within the Jiashi swarm and other seismic events. Mogi (1985) has studied the detail of earthquake clusters: these events are variously classified as the foreshock, mainshock and aftershock. Among the many events occurring in a short time period around the main shock, there is a precursory swarm and an aftershock sequence. Of these two series of events, the aftershock sequence has been studied more systematically and in more detail. Aftershocks appear to decay in time according to an intensity (or, frequency law) that follows a negative power law, the so-called Omori Law named after its discovery by Omori in 1894. Utsu (1961) proposed a modified Omori formula as a result of statistical analyses of aftershock distributions. Ogata (1988) introduced the idea of self-similarity into the Omori formula via aftershocks induced by preceding aftershocks, and was thus led to proposal of the epidemic-type aftershock sequence (ETAS) model.
The general idea of the ETAS model is that there are two main kinds of seismic activity, one being of background events, and the other part the aftershocks. Both kinds of activity may induce aftershocks. This is a point process model which makes full use of the theory and technology of point processes for its analysis, including maximum likelihood estimation of the parameters, the Akaike information criterion (AIC) for model selection, and a technique for identifying a quiescent period using residual analysis for point processes (Ogata, 1992) .
A goal of this paper is to use the ETAS model to study the seismic features of the Jiashi swarm, and in particular to test the method of relative quiescence by checking whether in fact there exists relative quiescence within the Jiashi sequence prior to the quite big events in the sequence.
Theory
We describe the frequency of aftershocks per unit time by the modified Omori formula (Utsu, 1961) ,
where t is the time elapsed from the time of the main shock, K is a parameter whose value reflects the magnitude of the main shock and the aftershock cutoff, p is a coefficient of attenuation, and c is a constant. Usually, c ≈ 1 and 0.9 < p < 1.9. We identify n(t) in equation (1) with the intensity function λ(t) of a point process, i.e.
identifying λ(t) with the conditional intensity function
When the situation is more complex such as occurs in the case of twin main shocks both followed by strong aftershocks, the conditional intensity function is
where I {·} is the unit indicator function, K 0 , K 1 , c 0 , c 1 , p 0 and p 1 are parameters, and T 1 is the time between the secondary main shock (or the greatest aftershock) and the intial main shock. Equation (4) is perhaps the simplest example of an intensity function that describes a seismic sequence of multiple strong aftershocks of swarm type. The above-mentioned idea was promoted by Ogata (1988) who thought the feature of aftershock activity could be described as the self-similarity of multiple aftershocks, meaning that both the main shock and all aftershocks could lead to further aftershocks. On the basis of (2) and (4) Ogata (1988) proposed using
where µ is the background rate of seismic activity, t i is the occurrence time of the ith event and M i its magnitude, M 0 is the low-magnitude cutoff, α is a parameter that allows for the different susceptibility for aftershock events according to their magnitudes, p is the coefficient of attenuation, and c is a constant. This model is called the epidemic-type aftershock sequence (ETAS) model. The physical meaning is that there are two kinds of seismic activity: one kind is the background seismicity at rate µ, and the other is the excitation or aftershock activity of each event; excluding background seismic events (occurring at rate µ), every aftershock may be excited by earlier aftershocks, where the disposition towards aftershock excitation is heightened according to the magnitudes of such earlier events. On the basis of (2), (4) or (5) the corresponding log likelihood is expressible as
where [0, T ] is the time period under study, during which N earthquakes occur at the times t i (i = 1, . . . , N). For each model the Akaike information criterion was computed as AIC = −2 max log L + 2k,
where k is the number of parameters used in fitting the model. Then for the model providing the best fit to a given dataset, we chose the one with the smallest AIC value (computed with respect to the same set of data for each of the range of models considered).
Results of data analyses
In recent years several earthquake sequences occurred in the area of Jiashi, South of Tianshan Mountain, Xinjiang. Figure 1 shows the magnitudes and times of the sequences of seismic events associated with the seven earthquakes identified by the following dates, locations and magnitudes: Figure 1 shows that the first six sequences were attenuated much more quickly than for the Jiashi swarm for which the figure indicates activity over nearly two years compared with a few months for the others. Also, the Jiashi swarm shows three quite different stages of activity: the first stage lasts for 39.19 days from the occurrence of the first event; the second stage is between days 39.19 to 84.69; and the third stage is the time from day 84.69 to day 708.3 at the end of 1998. The results of fitting the ETAS model to each of these three stages are listed in Table 2 . The effect of using three stages is a much better fit than using the single model as in Table 1 , shown by the decrease in the total AIC of 192.8.
To study the fit of the data we transformed time via the function
Then the events occurring in order at times t 1 < · · · < t N become events occurring at the transformed times τ 1 < · · · < τ N ; we call {τ i } a realization of the residual process. If the model fits well, the sequence {τ i } should follow a standard Poisson process at unit rate. We plotted the residual process with horizontal axis the transformed times, and vertical axis the cumulative frequency of the residual process; if the fit is good then the cumulative frequency curve should be close to a line of unit slope through the origin. The cumulative frequency plots of the residual process are shown in Figure 2 for the model fitted to the Jiashi swarm in three stages. Visually, the fit is apparently good. It is clear, especially from the sequence of spikes at the bottom of the third part of Figure 2 , that the three stages show large differences in their seismicity. Crudely, the pattern reflects first 'activity', then 'quiescence', and finally 'activity' again. The fitted parameters describing background activity (µ) and attenuation (the other parameters), also reflect different active features in the different stages of the Jiashi swarm.
Another important application of the ETAS model is to check for relative quiescence. The phenomenon of quiescence often appears prior to a large event. But it can be difficult to differentiate quiescence from the sequence activity. The main reason is that quiescence may also follow the attenuation of aftershock activity. A way of checking for quiescence is provided by the residual transform, namely, one checks whether the residual process drifts away from the standard Poisson process because the occurrence Ms6.4, 6 April 1997; (c) Ms6.4, 11 April 1997; (d) Ms6.0, 19 March 1998; (e) Ms6.1, 2 August 1998; (f) Ms6.4, 27 August 1998 . For each of these six events, two features are depicted. In both parts the horizontal axis shows the transformed time (in days), and the vertical axis the magnitude. The top part depicts the variation of the deviation of the observed frequency from what is expected from the model, during the transformed time from T − h to T , where h is an adjustable constant. The deviation is plotted against T for each T shifted by one unit. The vertical scale is transformed so that the distribution becomes nearly normal. The horizontal dotted lines are drawn with distance apart equal to the standard deviation. S and F denote respectively successful and false prediction, based on relative quiescence, of the next possible big earthquake.
rate drops. There are many methods for checking quiescence: here we use just one of them. Consider the time series of counts within [τ − h, τ ] as the moving windows of the residual process: after rescaling these can be regarded as standard N (0, 1) normal random variables, after using a Wilson-Hilferty correction for the counting number at time τ . The seismicity was simulated by the ETAS model before eight Jiashi events with M ≥ 6.0, and the residual process calculated. We then drew the distribution plots of transformed time with the counting time series (Figure 3) . The results of searching for earthquake quiescence are listed in Table 3 . Inspection of Figure 3 , where successful predictions are marked S, shows that relative quiescence existed prior to most large events within the Jiashi swarm. These observations, summarized in Table 3 , indicate that the large events within the swarm can be predicted by applying relative quiescence, as already shown for the Zhangbei sequence (Ma and Zhuang, 1999) .
Conclusions
The seismic activity features of the Jiashi swarm were simulated by the ETAS model. We then concluded on the basis of both calculation and analysis as follows:
1. The ETAS model, developed from the idea of self-similarity from the Omori formula, conforms with the reality of seismic activity.
2. A prominent feature of the Jiashi swarm activity is well represented by using three different phases, and this feature is reproduced in the simulations. It makes clear the difference of this seismicity pattern among the seven earthquake sequences.
3. There is evident precursory quiescence before most of the big events (M s > 6.0) in the Jiashi swarm: a check was made for relative quiescence and found using the residual process technique. This technique for searching for relative quiescence can be used for earthquake prediction (Zhuang and Ma, 2000) .
4. The next stage of this work concerns the question of how, practically speaking, this modelling technique can be used to update earthquake prediction. In Table 3 , events 2-5 with M s > 6.0 in 1997 were predicted a short time ahead (Zhang et al., 1999) . For this prediction, several kinds of precursory anomalies were used, not just precursory quiescence-many other precursory anomalies were included.
